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Abstract: Over recent decades there has been and continues
to be major advances in the imaging, diagnosis and potential
treatment of medical conditions, by the use of magnetic nano-
particles. However, to date the majority of cell delivery studies
employ a traditional 2D monolayer culture. This article aims to
determine the ability of various sized magnetic nanoparticles
to penetrate and travel through a cell seeded collagen gel
model, in the presence or absence of a magnetic field. Three
different sized (100, 200, and 500 nm) nanoparticles were
employed in the study. The results showed cell viability was
unaffected by the presence of nanoparticles over a 24-h test
period. The initial uptake of the 100 nm nanoparticle into the
collagen gel structure was superior compared to the larger
sized nanoparticles under the influence of a magnetic field
and incubated for 24 h. Interestingly, it was the 200 nm nano-
particles, which proved to penetrate the gel furthest, under the
influence of a magnetic field, during the initial culture stage
after 1-h incubation. VC 2014 The Authors. Journal of Biomedical
Materials Research Part B: Applied Biomaterials Published by Wiley
Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater 00B: 000–
000, 2014.
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INTRODUCTION
Nanotechnology, in the field of medical science, has led to
increased interest in the development and application of
nanoparticles (NP).1 These nanoparticles may be produced
from various materials, ranging from metals to polymers;
creating different molecular shapes, including rods and
spheres.1,2 Within medical and biological research, nanopar-
ticles have widespread applications, ranging from aiding tis-
sue and cell imaging to delivery of therapeutic molecules.3,4
The use of magnetic nanoparticles (mNPs) in particular, has
led to the simultaneous targeting of a specific disease, imag-
ing the site and delivering the required therapy in medical
treatment.5 Magnetic nanoparticles are composed of a metal
core with a biocompatible surface coating.6 Iron oxide is the
most commonly used nanoparticle core metal because it
possesses superparamagnetic properties, thus allowing the
possibility of remotely controlling the NP location.7 A fur-
ther benefit of iron oxide core nanoparticles has been in the
treatment of cancer patients. The cancerous tumors are
injected with mNPs, which generate heat when they are
exposed to a magnetic field thus killing the tumor cells.8,9
Almost all biomedical applications are dependent on
the uptake of NPs into the cells, which is typically
achieved by a process called endocytosis.10 Endocytosis
may be further sub-categorized into either (a) phagocyto-
sis, (b) pinocytosis, or (c) receptor mediated endocytosis,
by either clathrin-mediated endocytosis or caveolin-
mediated endocytosis.10,11 The particular endocytosis
pathway utilized by the cell is dependent upon the sur-
face chemistry, size, charge, and shape of the NP.10 A cur-
rent research drive has focused on increasing the cellular
uptake of NPs and studies have shown that applying an
external magnetic field enhances cellular uptake of mNPs,
as well as the ability to target a diseased site.5,12 Previ-
ous studies have shown the influence of the force from
the external magnetic field on mNPs is dependent on the
size of the mNP.13 Therefore, the larger the particle, the
greater the influence of the acting force due to the higher
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magnetic moment of the NP. This evidence must be balanced
against the knowledge that smaller NPs have generally supe-
rior tissue accessibility and subsequent cellular uptake.
To date, most research has focused on monolayer cell
culture studies, however it was noted these studies do not
reflect the in vivo environment.14 Multi-cell-layer studies are
a step toward mimicking the 3D architecture of the in vivo
tissue, and studies using 100 nm NPs indicated that a mag-
netic field (0.4 T) pulled twice as many particles through as
compared to without.15,16 However, as NPs would need to
cross membrane barriers and enter into 3D tissue to be
effective, more recent investigations have progressed to the
use of cell-seeded scaffolds, such as collagen gels; to recre-
ate three-dimensional (3D) models of cells in a tissue envi-
ronment.17 The movement of NPs through these more
complex, fibrous networks is far less predictable than move-
ment through liquids such as culture medium, which move
at a constant rate proportional to fluid viscosity.18 The
study presented here has investigated the effect of a static
magnetic field on mNPs entering a tissue equivalent model.
Child et al. recently demonstrated, using a type I collagen
gel culture system, an increased mNP (200 nm) uptake in
the presence of a magnetic field, as well as a five-order
magnitude increase in depth penetration.17 Previous
research has shown a size dependent NP response when a
magnetic field was used, thus this study extends this work
to investigate the most favorable mNP size in terms of
uptake into a 3D tissue equivalent model, in order to opti-
mize potential mNP use in a clinical situation.
EXPERIMENTAL SECTION
Cell culture and collagen gel synthesis
Infinity telomerase-immortalized primary human fibroblasts
(h-TERT-BJ1, Clontech Laboratories) were grown in modified
Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma–
Aldrich). The modified DMEM contained 71% DMEM, 17.5%
Medium 199 (Sigma–Aldrich), 10% fetal bovine serum
(FBS) (Lonza), 0.5% 100 mM sodium pyruvate (Life Tech-
nologies) and 1% penicillin-streptomycin (PAA Laborato-
ries). Cells were grown until fully confluent and trypsinized
ready for use. Gels were prepared using the method previ-
ously developed by our group.17
The following preparation method was used for making
three gels. Quantities were increased depending on how
many gels were required for each experiment. Gels were pre-
pared on ice; mixing 0.5 mL of FBS, 0.5 mL 10xDMEM (First
Link), 0.5 mL of 1 3 106 h-TERT cells suspended in modified
DMEM, 2.5 mL Type I collagen (First Link Ltd) and 2.5 mL of
0.1M sodium hydroxide (Sigma–Aldrich). The gel was vor-
texed and pipetted into three and incubated overnight (37C
with 5% CO2). The following day, a needle was used to
detach the sides of the gel from the well. Fresh DMEM condi-
tioned media was added and changed weekly. The gels were
left to contract for 4 days before use in experiments.
Addition of mNPs within 3D gels
Three mNPs (100, 200, and 500 nm) (Chemicell GmBH)
contained a fluorescent tag. Previous evaluation of untagged
and tagged NPs has determined no significant difference in
cell behavior in terms of viability (up to 72 h) and particle
uptake. The 100 and 200 nm sized NPs had a magnetite
(Fe3O4) iron oxide core whereas, the 500-nm sized NP had
a maghemite (Fe2O3) iron oxide core. All NP solutions were
prepared to a working concentration of 0.1 mg mL21 in
modified DMEM. Following fibroblast-mediated gel contrac-
tion, gels were transferred to 96-well plates and 75 mL of
the mNP solution was added to each gel. Control gels were
prepared with 75 mL of modified DMEM only. The gels were
incubated (37C with 5% CO2) with the mNPs for 1 and
24 h. One plate was subjected to a 280 mT static magnetic
field force delivered by FACTOR-96 device (Chemicell), whilst
the other plate was incubated without a magnetic field.
Cell viability
Cell viability was assessed after 24-h incubation, the mNP
solutions and control solutions were removed and the gels
were washed. Each gel was incubated at 37C for 1 h with a
working solution of ethidium homodimer and calcein AM
(live/dead staining kit, Invitrogen) (1 mL mL21 in modified
DMEM). The solution was removed and the gels were washed
before mounting on microscopy slides. Images were taken on
a Leitz DMIRB fluorescence microscope at 203 magnification.
Immunofluorescence cytoskeleton F-Actin staining
Following mNP incubation, the gels were washed with 13
phosphate buffered saline (PBS), fixed for 15 min at 37C,
permeabilized for 5 min at 4C, 1% BSA/1xPBS was added
to each well for 5 min at 37C. F-actin was stained using
rhodamine-phalloidin (1:500 in 1% BSA/1xPBS) for 1 h at
37C. The cells were washed with 0.5% Tween20/1xPBS
and mounted onto slides with DAPI (to stain DNA). Images
were taken using a Leitz DMIRB fluorescence microscope at
403 magnification.
Scanning electron microscopy (SEM)
After the appropriate incubation period, gels were rinsed
twice with 2% sucrose in 0.1M sodium cacodylate solution,
and then fixed in 6% gluteraldehyde in 0.1M sodium caco-
dylate solution (4C for 1 h) and then post fixed in 1%
osmium tetroxide for 1 h. The gels were washed with dis-
tilled water (2 3 10 min), and then stained for 1 h with
0.5% uranyl acetate. The gels were dehydrated by increas-
ing concentrations of ethanol (30, 50, 70, 90, 100, and
100% (dry)) and hexamethyl-disilazane for two 5 minute
periods. These gels were analyzed using scanning electron
microscopy (Jeol 6400 SEM) at an accelerating voltage of
6 kV at 15003 and 60003 magnification.
Nanoparticle uptake into gels [via inductively coupled
plasmas-mass spectrometry (ICP-MS)]
ICP-MS analysis was carried out to determine levels of iron
uptaken from the surrounding media into the 3D gel struc-
tures. Various groups have used different methods to deter-
mine iron concentration in biological samples, however
ICP-MS is considered to be the most accurate.19 Essentially,
ICP-MS is a rapid, sensitive analytical tool, which allows the
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accurate determination of iron levels with sub ppb detection
limits (compared against internal standards). Gels with
added NPs were prepared as discussed previously, addition-
ally a further 75 mL of 0.1 mg mL21 NP solution of each NP
size was added to wells without any gel. After the appropri-
ate incubation period, samples were processed for ICP-MS as
described previously.17 Briefly, 75 mL of the residing solution
was removed and added to 1 mL of distilled water in 50 mL
tube. Each well was washed with 100 mL of distilled water
and added to an allocated tube. A 1 mL of aqua regia was
added to each tube and incubated at 70C overnight. Distilled
water was added to each sample tube to give a final volume
of 50 mL in preparation for analysis of Fe, along with
relevant blank controls, using ICP-MS (THERMO X Series II).
Nanoparticle depth penetration into gels via confocal
microscopy
Gels with the addition of NPs were prepared as discussed
previously. After the appropriate incubation period, gels
were washed twice with 1xPBS and then fixed for 25 min at
37C. Sequential images were taken at 4-mm intervals to
create a z-stack on a Zeiss Axiovert 200M confocal micro-
scope at 203 magnification.
Nanoparticle and cell interaction via histology
To identify mNPs in the cell seeded gels, gel-mNP incuba-
tion was performed with each mNP species (100, 200,
500 nm), for 18 h and, following washing in PBS, processed
for histology to obtain a cross-sectional view of the gels.
Gels were fixed in 4% formaldehyde/1xPBS with 1%
sucrose at 37C for 15 min, submerged in 1 mL permeabili-
zation buffer at 4C for 15 min and embedded in paraffin
wax. Sections of 4 mm thickness were cut from the gel onto
polysine coated slides (CellPath, UK) and baked at 60C
overnight. Sections were then de-waxed in xylene for 5 min
and rehydrated through graded alcohols (100%, 70%)
before rinsing with H2O for 5 min. Sections were stained
with Perls Prussian blue to visualize the mNPs (stains iron)
and were dehydrated through graded alcohols (70%,
100%), placed in xylene for 1min, mounted and imaged on
a Zeiss Axiovert 25 light microscope at 403 magnification.
RESULTS
Cell viability
The effect of a magnetic field on cell viability and the influ-
ence of the three mNP species within gels were assessed via
fluorescence microscopy. After 24 h, cell viability was not
affected by either the mNP size, location within the gel or
the presence of a magnetic field (Figure 1 and Supporting
Information).
Fluorescence microscopy: Cells and mNPs
The mNPs have a green fluorescent tag attached to the iron
oxide core therefore; they may be easily located within the col-
lagen gel, using fluorescent microscopy. Additionally, the cyto-
skeleton (actin) of the cells may also be immunofluorescently
tagged with a different colored fluorophore (Figure 2). The
images showed the smaller the size of the NP produced the
greater the amount in the gel. However, there was little
dependence with time or magnetic field on NPs presence
within the gel, between the 100 and 200 nm sized mNPs.
Moreover, all the mNPs in Figure 2 were shown to reside near
the cells irrespective of magnetic field or incubation times.
Scanning electron microscopy
SEM was used to observe the surface structure of the gel
with the integrated cells and mNPs. Cells were clearly evi-
dent across the collagen gel surface, as well as throughout
the gel matrix. The mNPs (all sizes) were observed to aggre-
gate with cell contact; however the aggregate size remained
smaller than the collagen network pores (Figure 3).
Uptake of mNPs into the collagen gel
The uptake of the mNPs into the gel was measured by cal-
culating the difference of NP concentration within the NP
enriched medium, before and after each experimental
parameter (1 and 24 h incubation with or without a mag-
netic field). Initial biological control values were determined
for NP medium without gels, to observe the influence of the
magnetic field. Whilst there was uptake of all three mNPs
into the gel (100, 200, and 500 nm), the uptake was gener-
ally both size and time dependent, favoring the smaller
mNPs and longer time incubation (Figure 4), and was also
enhanced by the presence of a magnetic field.
The highest overall mNP uptake into gels was achieved
using the 100 nm sized mNPs incubated for 24 h in the
presence of a magnetic field. However, it was noted there
were several aberrations to the general uptake trends noted,
most notably the high uptake observed by the 200 nm
mNPs, in the absence of a magnetic field.
FIGURE 1. Cell viability within collagen gels challenged with different
sized mNPs with/without a magnetic field. (Green5alive, red5dead,
scale bar550 lm) (Magnetic field strength5 280 mT). [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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Depth of mNP penetration in the collagen gel
The mNPs were fluorescently tagged, so confocal micros-
copy was used to determine the depth which each mNP
penetrated the collagen gel, with or without a magnetic
field, over 1 and 24 h (Figure 5).
The results were clearly divided by magnetic field
strength, time and mNP size. With regards to magnetic field
strength, statistical significant difference was observed with
the 100 nm sized mNPs. Furthermore, all the 1-h time
points had significantly greater depth penetration compared
to the 24-h time points.
The 100 and 200 nm particles behaving similarly, and
the 500 nm particles being clearly different. Indeed, with
both the 100 and 200 nm particles, the earlier time point
indicated the furthest penetration, which was surprising.
Furthermore, the magnetic field did not appear to particu-
larly enhance the depth of penetration. The furthest pene-
tration occurred in the presence of a magnetic field, but
only after only 1 h and with the medium-sized 200 nm NPs.
In general, the 200 nm sized particles denotes higher statis-
tical significance compared to the 100 nm sized particles at
both time points with or without a magnetic field.
Conversely, the 500 nm particles demonstrated there
was depth penetration dependent upon both time and a
magnetic field, with a lowest penetration evident at 1 h
without a magnetic field. Furthermore, the 500 nm sized
particles had significantly lower depth penetration com-
pared to the 100 and 200 nm sized particles. Error bars
denoting the standard deviation were narrow, indicating
high precision of the results.
Nanoparticle/cell interaction within the gel
Because of the disperse nature of the cells embedded within
the gel, visualizing cellular uptake via transmission electron
microscopy proved difficult, therefore Perl’s Prussian blue
staining was employed. The stain allowed visualization of
the cells and iron nanoparticles within the gel structure,
therefore allowing verification of cellular uptake (Figures 6
and 7). The top panel in both figures illustrates the top of
the gel, with a concentrated layer of cells evident due to
cell-mediated contraction. However, the lower panel illus-
trates slightly further into the gel (60–100 mm); where
cells were stained with Prussian blue, indicating the inter-
nalization of NPs (annotated with an arrowhead).
Without a magnetic field present (Figure 6), the 500 nm
particles are clearly evident aggregating mainly at the gel/
cell surface where they come into contact with the cell layer,
however some particles are evident in cells further into the
FIGURE 2. Cell proximity to different sized mNPs within collagen gels with/without a magnetic field. (Green5mNPs, red5 actin, scale bar520 lm).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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gel (30–50 mm) with occasional large aggregates free in
the collagen network. This supports the confocal and ICP-
MS results (Figures 4 and 5, respectively), where fewer
500 nm particles were evident in the gel via fluorescence
and also demonstrated a lower uptake into the gel via ICP-
MS. Both the 100 and 200 nm particles were clearly appa-
rent in cells in the gel, demonstrating that they are capable
of penetrating the gel and being taken up by cells.
With a magnetic field (Figure 7), a clear difference was
noted in that both the 100 and 200 nm NPs were also being
retained at the cell layer surface of the gel. However, there
were still NPs evident within the gel structure.
DISCUSSION AND CONCLUSION
The screening of therapeutic delivery to cells in vitro, gener-
ally relies on traditional two-dimensional cultures however,
FIGURE 3. SEM images depicting the surface of the collagen gels. Cells were evident on and in the gel matrix as were the mNPs (see white
arrows). (Scale bar5 2 lm).
FIGURE 4. Iron uptake into gels as assessed by ICP-MS. Cell seeded
gels were challenged with mNPs in the presence or absence of a
magnetic field (indicated by1or –, respectively) for either 1 or 24 h.
FIGURE 5. mNP penetration into gels as assessed by confocal microscopy.
Cell seeded gels were challenged with mNPs in the presence or absence of
a magnetic field (indicated by1or –, respectively) for either 1 or 24 h.
Results displayed indicate the depth of particle penetration (n5 3).
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there is a recent drive to assess cell delivery in 3D models,
which better reflect the in vivo environment. This was
recently highlighted by Zhang et al., who investigated DNA
delivery into cell cultures in both 2D and 3D (type I colla-
gen matrices), using a range of commercially available trans-
fection reagents.20 Despite high efficiency in the 2D cultures
(generally >80%), there was very little or no efficiency
(<1%) for the parallel 3D cultures. This result was attrib-
uted to an inability to permeate the collagen matrix. Subse-
quent experiments utilized mNPs (250 nm) and an external
field as a means of delivery, with a slightly greater success
rate (5%). However, the authors surmised the NPs were
too large, and were struggling to permeate the collagen
matrix. Excellent results were eventually achieved using
smaller mNPs (36–56 nm). This article highlighted the
importance of NP size when considering utilizing mNPs to
facilitate delivery in complex in vivo tissues.
This article compared three differently sized mNPs (100,
200, 500 nm) in terms of their ability to (1) to be taken up
into a cell-seeded collagen gel matrix. The uptake into and
penetration through a collagen gel is reliant on a balance
between passive resistive forces in the matrix (including
fluid flow) and the induced magnetic force. The results
shown in this article indicate the smaller 100 nm mNPs in
the presence of a magnetic field exhibit the best initial
uptake into the gel. However it was clearly the 200 nm par-
ticles that demonstrated the better depth of gel penetration.
Furthermore, in the absence of a magnetic field, it was again
the 200 nm particles that showed both the highest uptake
and subsequent greatest depth penetration. The larger
500 nm particles were by far the lowest on both uptake
and depth penetration. This was surprising, as there was an
assumption that the smaller 100 nm NPs would prove bene-
ficial in this system. As a collagen gel contracts down due
FIGURE 6. mNP uptake into gel and cells as demonstrated by Perls Prussian blue staining in the absence of a magnetic field. (Cells5 red,
mNPs5blue highlighted by white arrows, scale bar510 lm). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
FIGURE 7. mNP uptake into gel and cells as demonstrated by Perls Prussian blue staining in the presence of a magnetic field. (Cells5 red,
mNPs5blue highlighted by white arrows, scale bar510 lm). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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to cell-mediated contraction (typically over an initial period
of 5 days from seeding, when it plateaux), the result is a
dense connective-tissue equivalent, with a higher density of
cells on the outer edge of the gel (due to the contraction).
The smaller 100 nm particles exhibited the highest initial
uptake into the gel, through this cellular “barrier,” indicating
smaller sized NPs are either pulled through the cells or
between the cells quicker. The subsequent observation that
the larger 200 nm particles penetrated and travelled further
into the gel structure suggests that this size is more favor-
able for tissue penetration; however it may also be due to
the 100 nm particles being retained at this surface layer of
cells. Further histology studies were performed using Perls
Prussian blue staining, to identify iron and cells within the
gel. As the results showed, without a magnetic field present,
the only obvious retention of NPs at the cell surface layer
was with the larger 500 nm particles. The smaller 100 and
200 nm particles were evident within cells inside the gel.
However, when a magnetic field was present, all three NP
sizes were retained at the cell surface layer. This may sim-
ply be due to the magnetic force attracting the NPs to the
gel surface, causing them to aggregate together (and hence
cause retention of the smaller NPs), or it may be that the
field increases the chance of cell/NO interaction, and there-
fore encourages cellular uptake. The smaller NPs were also
clearly evident within the gel, so not all were retained.
The movement of mNPs depends directly on a multiple of
factors, including the size and shape of the particles, and the
characteristics of the suspending medium and strength of the
external magnet. Collagen is a viscoelastic protein, and under-
standing NP movement through the gel system is complex.
Previous studies have investigated the movement of mNPs
through simple viscous fluids, such as glycerol, studying the
movement of particle groups over length scales on interest
(e.g., mm and mm), indicating clear movement towards exter-
nal magnets.21 Similar studies in fibrin gels, to the extent of
using high field strengths (3 T) reporting travel of 10 nm
mNPs across distances of 20 mm (in several days).21
When considering the use of an external magnetic field,
the net motive force of a mNP is governed by electromag-
netic theory and Newton’s Law, which is determined by the
sum of forces acting on the NP, including diffusion, convec-
tion, and the magnet.22 The overall driving force in this case
is assumed to be the magnetic force (280 mT), which enable
the mNP to overcome the mechanisms, which limits trans-
port, and results in the NP being pulled into the collagen
matrix. Therefore, this study would have expected to
observe a field dependent increase of mNP uptake into gels
and depth of penetration. However, the success of the
200 nm particles to both be taken up and penetrate the gel,
particularly in the absence of a magnetic field, indicated the
situation was more complex than originally thought.
The pore size and connectivity distribution was obvi-
ously a major constraint on NP uptake. The collagen fiber
network in the extracellular matrix has been estimated to
have gaps ranging from 20 to 130 nm in tumor tissue
(a major therapeutic target).23 Our model varies in this
regard due to the addition of cells. The inclusion of cells
will change the mechanical properties of the gel (in terms
of stiffness) and the density of the gel network (due to cell-
mediated gel contraction), so whilst making it a more rele-
vant model with respect to the in vivo situation, there will
be differences in how a NP can diffuse through our cell-
seeded network as opposed to a gel network without cells.
These gaps or pores form a physical barrier to passive NP
transport (i.e., without a magnetic field). The pores evident
in this in vitro model appear to be large (30–600 nm) and
do not appear to sterically hinder the NP diffusion (Figures
6 and 7).
In addition to the physical barrier described above, NP
interactions with the surrounding environment, including
soluble proteins, carbohydrates, and other mNPs may also
lead to restriction of particle transport. A certain degree of
mNP adhesion to such structures was expected, and the
SEM images presented in this study show, a level of aggre-
gation which was clearly evident for all three mNP sizes,
particularly at the cell surface. However, this aggregation
did not appear to decrease the particle motility and it may
even have increased the susceptibility to the magnetic force.
This article has shown there are several factors affecting
mNP penetration and up take, including collagen pore size
and subsequent interactions with the surrounding environ-
ment. The use of a 3D in vitro tissue equivalent model,
showed large mNPs (500 nm) are not effectively taken up
or able to penetrate the collagen matrix compared to
smaller mNPs (200 nm). However, the study also showed
mNP uptake improved with time, regardless of size or in
the presence magnetic field.
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